D ue to rising life expectancy, it is likely that the prevalence of age-related neurodegenerative diseases, such as dementia, will increase remarkably in the next few decades. With varying prevalence across the globe from 4.6% to 8.7%, over 46 million people worldwide were affected by dementia in 2015 and this figure is predicted to rise to approximately 132 million by 2050. 1 Alzheimer's disease (AD) is the most common cause of dementia in the elderly population. This progressive neurodegenerative disorder is characterized by brain atrophy associated with the presence of neuritic plaques and neurofibrillary tangles, made up largely of amyloid-b (Ab) deposits and accumulation of hyperphosphorylated tau proteins, respectively. 2 AD poses a major global public health and economic challenge and remains as one of the continuing unmet medical needs in neurology. 1, 3 Ab plaques, the major pathologic hallmark of AD, are extracellular aggregations and accumulations of misfolded Ab peptides (39-43 amino acid residues long; Ab1-38 to Ab1-43) in the brain and cerebral blood vessels of AD patients. 4, 5 According to the amyloid cascade hypothesis, Ab is produced in the brain when amyloid-b protein precursor (APP), a large transmembrane protein present in vesicle and cell surface membranes, is cleaved by multiple proteases including band csecretases and releases Ab fragments. 3 Several Ab-degrading enzymes are involved in cerebral Ab control, among which neprilysin is a crucial player and downregulation of its activity can contribute to AD development by promoting Ab accumulation. 6, 7 Abnormally increased production and accumulation of Ab oligomers, primarily due to impaired clearance, leads to Ab plaque formation and consequently results in neuronal dysfunction and cell death in the cerebral cortex of AD patients. 4, 7 While AD is diagnosed definitively based only on autopsy brain findings, 2 at present the clinical diagnosis of AD mainly rests on conducting several tests, including medical history, cognitive tests, laboratory tests, and brain imaging techniques. With the advent of positron emission tomography (PET) imaging and cerebrospinal fluid (CSF) biomarkers (Ab and tau), there have been significant advances in the diagnosis of AD and these procedures can identify early neuropathologic changes before clinical decline. [8] [9] [10] [11] [12] However, the current brain Ab imaging tools and CSF procedures are expensive, invasive, and have limited availability in many countries. Researchers also have completed initial steps to improve diagnosis of AD by detecting blood-based Ab biomarkers. 13 However, this plasma Ab biomarker requires advanced laboratory expertise and equipment, and further validation is needed before the test can be used widely. Therefore, other alternatives or adjuncts to the blood test should continue to be explored. There is no doubt that an accurate, practical biomarker with the capability of early detection would have a large impact on AD research. Recent therapeutic research has focused on the preclinical phase of AD; hence, early detection will be key to tackling the occurrence of the underlying pathologic changes of AD using novel treatment modalities, well before symptoms appear.
The eye and its associated structures own a rich and complex sensory-motor innervation. From the 12 cranial nerves (CN) that emerge directly from the brain, three are specifically devoted to oculomotor function (CN III, IV, and VI) and one (CN II, optic nerve) carries sensory information from the retina to the brain. The CN III also includes an efferent autonomic pathway that innervates the pupil and ciliary muscle. The ophthalmic division of CN V also innervates the ocular surface, lacrimal gland, eyelids, and eyebrows. Given this rich supply of neurons, it is not surprising that the eye has received a great deal of attention in several studies for AD-related alterations.
Using histochemical and imaging investigations, various studies have revealed AD-related changes in the neural and nonneural tissues of the eye. The retina, a developmental outgrowth of the brain, owns multiple interconnected neuronal layers and glial cells to support the nerve cells and has received the most attention. A growing body of evidence exists indicating retinal axonal and neural degeneration 14, 15 and presence of Ab in the retinal tissue of the AD patients. [15] [16] [17] Investigators also have considered the potential usefulness of assessing the retinal blood flow and vasculature 18, 19 and pupillary responses as markers of AD. [20] [21] [22] The crystalline lens and corneal epithelium arise from the surface ectoderm, one of the three primitive embryonic layers responsible for formation of the eye and its structures. 23 The corneal endothelium and stromal keratocytes are formed from the neural crest, which also develops from the surface ectoderm in the region immediately adjoining the neural folds of neural ectoderm. 23 The lens also has shown promise as a potential site for the presence of Ab signature in AD. 24, 25 However, the remaining anterior eye structures have received less attention compared to the posterior segment. Although exploring AD-specific alterations in the retina is worthwhile and the outcomes are encouraging, capturing quality images suitable for analysis is limited by several factors, including pupil size, formation of senile cataracts, and media opacities. Moreover, the retina is more prone to be affected by systemic diseases, such as diabetes and age-related degenerative conditions. However, the anterior eye is more accessible for imaging and less affected by the aforementioned factors.
In this review, we provide an overview of the literature and summarize the evidence that could support the possibility of exploration, which spans the investigation for AD-specific changes or mechanisms paramount to AD etiology beyond the presence of Ab in the retina. Specifically, the pathologic evidence of Ab in the crystalline lens of animal and human eye advocating the hypothesis linking AD-related pathologic changes in the brain and lens will be reviewed followed by a small number of studies concerning the cornea and aqueous humor. The main outcomes of these studies are outlined in the Table and are discussed in more detail in the following sections. We will further describe the potential use of corneal nerve micromorphology examination using in vivo confocal microscopy in individuals with AD. Finally, the potential implication of the conjunctival tissue and vasculature will be discussed briefly.
SEARCH STRATEGY
Electronic search was based on the PubMed, Scopus, and Google scholar databases up to February 2018 using combinations of the following keywords: Alzheimer's disease, eye, cornea, lens, aqueous humor, APP, Ab, and amyloid-b. The included search filters were keyword, title, and abstract information. Articles with any combination of any of the anterior eye terms and Alzheimer's disease term were reviewed. Further works also were identified by searches of the reference lists of selected articles.
THE CRYSTALLINE LENS
The crystalline lens is an avascular and transparent tissue located behind the iris, and its primary roles are to focus the incident light on the retina and supply the optical power of accommodation. Three main compartments of the human lens include the lens capsule, anterior single layer of lens epithelium, and lens fibers cells (Fig. 1) . The lens owns a unique, concentric array of low water content fiber cells, densely packed with high concentrations of cytoplasmic crystalline proteins that have a critical role in maintaining its transparency. 26 Aging is accompanied by a progressive loss in the transparency of the human lens and, like AD, an increase of 29 Monkey, rabbit and rats (lens) Low level presence of APP and Ab in normal lenses APP and Ab increased in monkey lenses and rabbit lens epithelium after oxidative stress exposure Rat lenses exposed to oxidative stress showed increased APP in the anterior epithelium and cortex Ab produced vacuoles and was toxic to cultured rabbit lens epithelial cells Human (cataractous lens) Ab in the cortical fiber cells below the epithelial cell surface layer 1998
Frederikse et al. 31 Mice (lenses) Presenilin expression in the epithelial layer of lens and cornea. Stronger expression in the region of the epithelium near the lens equator Monkey (lens and cornea) and mouse (lens)
Presenilin expression was detected in the outer lens epithelial layer, and also is stronger in intensity near the equatorial margin Using Western blot proteolysis, presenilin proteins were detected in total protein of monkey lens and cornea and mouse lens Human (noncataractous lens)
Immunohistochemical detection of presenilin protein in a non-cataractous human lens 1999
Frederikse et al. 35 Mice (lenses) Thiamine (Vitamin B1) deficiency resulted in lens fiber cell degeneration observed primarily along the lens posterior beneath the intact capsule A localized increased expression of APP, Ab peptides, and presenilin was observed in the affected regions 2000
Frederikse et al. 38 Mice (lenses, n ¼ 8) Amyloid-like protein structure in interior fiber cells Human (lenses, n ¼ 8)
Presence of amyloid protein supramolecular order of lens protein in interior fiber cells, demonstrated by amyloidophilic dye binding, thioflavine fluorescence, and birefringence 2002
Frederikse et al. 39 Human and mouse (lens and cornea) APP mRNA splicing pattern: presence of predominantly longer and potentially more deleterious APP transcript (encoding 751 and 770 amino acid proteins), in the human and mouse lenses compared to the shorter (695 amino acids) encoding transcript expressed in the brain and retina Human APP transgenic mice (lenses) APP expression is increased, consistent with the cycle of oxidative stress proposed in the mechanism of AD pathology Fiber cell membrane defects similar to those observed in human cataracts, increased age-related lens degeneration (staining with hematoxylin and eosin) Greatest sensitivity of the lens to AD than cornea and retina of transgenic animals 2003 Li et al. 41 Mouse and rat (lenses) Lens expression of b-secretase, c-secretase (presenilin and nicastrin proteins), notch and neprilysin 2003 Goldstein et al. 25 Human (lenses; n ¼ 9 with AD and n ¼ 8 controls, aqueous humor without disorder; n ¼ 3), postmortem study Identification of Ab1-40 and Ab1-42 in lenses from individuals with and without AD at concentrations comparable with the brain Accumulation of Ab in lenses of individuals with AD, located exclusively in the cytoplasm of supranuclear/ deep cortical lens fiber cells (n ¼ 4) Presence of equatorial supranuclear cataracts in lenses from all individuals with AD (n ¼ 9) while it was evident in none of the controls (n ¼ 8).
Enhanced Ab immunoreactivity and birefringent Congo Red staining observed in the supranuclear cataracts Ab1-40 in primary aqueous humour at concentrations comparable with cerebrospinal fluid. 2009 Dutescu et al. 40 Transgenic mice (lens and cornea) Strong cytoplasmic expression of APP and possibly Ab in the lens and corneal epithelia 2010
Prakasam et al. 30 Bovine and transgenic mice (lens, cornea and aqueous humor) APP was detected in the cornea and iris but not in the lens and aqueous humor of the normal adult bovine eyes (Western blots) Detection of significant amounts of Ab40 and Ab42 in the aqueous humor of the Bovine and transgenic mice (ELISA) 2010
Moncaster et al. 42 Human with Down syndrome (lenses; n ¼ 12) and normal controls (lenses; n ¼ 34), postmortem analysis Presence of supranuclear opacification associated with accelerated supranuclear Ab accumulation Colocalizing amyloid pathology, and fiber cell cytoplasmic Ab aggregates (0.5-50 nm) identical to the lens pathology identified in AD 2013
Michael et al. 43 Human with AD (n ¼ 39 lenses from 21 donors), and age-matched controls (n ¼ 15, lenses), postmortem examination Of 21 donors with AD, 15 cases had only minor or no cortical opacities and 6 had marked bilateral cortical lens opacities Congo red, thioflavin, and mouse monoclonal Ab antibody staining were negative for all lenses from AD and controls misfolded, insoluble protein aggregation and accumulation. 27, 28 These characteristics have provided an ideal site for exploring protein accumulation and potential AD signatures. A number of studies have demonstrated the presence of several mechanisms fundamental to AD etiology in the lens, and potential involvement of similar mechanisms for cataract formation and age-related amyloidogenic Ab degenerative conditions of the brain. However, some conflicting reports exist with respect to lens alterations mirroring AD changes in the brain as well.
In 1996, Frederikse et al., 29 using in vivo and lens organ culture models, have shown the potential role that AD pathogenesis may have in oxidative stress-related lens degeneration and their study provided evidence that AD-associated pathologic mechanisms may contribute to the senile formation of cataract. Using immunohistochemistry (monoclonal APP and Ab antibody) and immunoblotting methods, they reported low level presence of APP and Ab in normal mammalian lenses and confirmed increased levels of these peptides in cortical fiber cells of cultured rat and monkey lenses after oxidative stress exposure. They also showed that Ab which was present in the cataractous human lens, is toxic to cultured mammalian lens epithelial cells. However, their finding of APP in the normal mammalian lenses differs from that of Prakasam et al., 30 who did not detect APP in the lenses of the normal adult bovine eyes using biochemical analysis.
As noted earlier, Ab peptides constitute the principal molecular components found in the neuritic plaques of AD patients. As an intramembranous protease and a subunit of csecretase, presenilin proteins influence proteolytically the cleavage process of APP to form Ab oligomers. In a subsequent work, Frederikse et al. 31 demonstrated that the AD-associated presenilins also are expressed and proteolytically processed in the mammalian lens. Presenilin expression was detected in the epithelial layer of mouse and monkey lens and was stronger near the equatorial region of the lens. Immunohistochemically, presenilin protein also was detected in the noncataractous human lens.
Thiamine (vitamin B1) has a significant role in energy metabolism. Thiamine deficiency, which is considered a classic model of oxidative impairment, has been linked to AD pathologic changes. [32] [33] [34] In another study by Frederikse et al., 35 mice models with systemic oxidative stress induced by thiamine deficiency, produced Alzheimer-associated brain pathologic alterations. Using analysis of anti-APP, anti-Ab, and fluorescent conjugated secondary antibodies, they also demonstrated degeneration of the lens fiber cells with locally increased distributions of APP, Ab, and presenilin proteins. 35 The Raman and infrared spectroscopy studies of the lens proteins have shown that the predominant protein conformation found in the normal mammalian lenses is the b-pleated sheets. 36, 37 Frederikse et al., 38 using amyloidophilic stains of Congo red and thioflavine, revealed that the b-sheet arrays of mammalian crystalline lenses own an amyloid-like supramolecular order in interior fiber cells. In this study, as a positive control, histologic sections of the brain tissue from an individual previously diagnosed with AD also were stained.
To further extend their findings and provide additional support for their previous reports of AD pathologic mechanisms and lens degeneration, Frederikse et al. 39 used transgenic 47 Human with AD (lenses from 10 participants), in vivo study using fluorescent ligand bound to Ab and a laser scanning device Fluorescent intensity was measured at three different locations starting from the lens cortex (SN1) into the deeper supranuclear region (SN3,~900 l beneath lens capsule) Both groups: SN3 showed a larger signal increase as compared to SN1 and SN2 AD group: Fluorescent intensity measurements in the SN1 and SN2 areas were higher compared to controls Ab specific frequency counts determined more than twofold higher than corresponding measures in controls 2014
Michael et al. 44 Human with AD (lenses from n ¼ 7 donors), postmortem study 5 had only minor or no cortical opacities, 1 moderate and 1 had pronounced bilateral cortical lens opacities Significantly different proteins profiles detected for forming lens opacifications and in hippocampal plaques and tangles in AD The absence of Ab immunostaining in cataractous and noncataractous cortical regions 2014
Ho et al. 45 Human (lenses from n ¼ 11 cases of AD, n ¼ 4 with Down syndrome and n ¼ 6 age-matched controls), postmortem Immunostains (mouse monoclonal Ab antibody: very weak staining of lenses in 3 of 6 controls and 5 of 11 cases with AD Congo red stains: completely negative for all cases No birefringent congophilic material in the lens of cases with Down syndrome 2015
Kerbage et al. 24 Human (lenses from n ¼ 20 participants with AD and n ¼ 20 healthy controls), in vivo study using fluorescent ligand eye scanning technique Twice higher fluorescence uptake value (FUV) for the AD group compared to control group (0.50 vs. 0.23, respectively) Using FUV threshold of 0.367, a sensitivity of 85% and a specificity of 95% obtained in predicting clinical diagnosis of AD Significant correlation between amyloid brain imaging using positron emission tomography and fluorescent ligand eye scanning (r 2 ¼ 0.33, P < 0.001) 2017
Williams et al. 46 Human (lenses from n ¼ 17 with varying degrees of AD, and n ¼ 2 age-matched controls), postmortem study None of the cases were identified with immunohistochemical staining for Ab in any part of the eye including the lens mice harboring a complete copy of a genomic human APP (hAPP) in addition to the native APP gene. In hAPP transgenic mouse lenses, they determined an increased APP expression and morphologic changes, including lens fiber cell defects, increased age-related fiber cell degeneration, and cortical plaque formation. They claimed that their findings describing morphologic abnormalities in hAPP mice would advocate a significant role that hAPP gene dosage may have in protein aggregation effects that lead to cataract formation. This finding also may explain the higher frequency of early-onset cataracts detected in individuals with Down syndrome, who have a third copy of chromosome 21 (upon which APP is located), and show characteristics of AD at young ages, such as formation of Ab plaques, neuropathologic changes of the brain and cognitive decline. By examining APP mRNA splicing pattern, they also demonstrated the presence of predominantly longer and potentially more deleterious APP transcript (encoding 751 and 770 amino acid proteins) in human and mouse lenses compared to the shorter 695 amino acid encoding transcript expressed in the brain and retina. Furthermore, they found human Ab in the lenses of transgenic mice but not control (wild-type) mice. Likewise, in their immunocytochemistry study of eyes and brain samples in a mouse model of AD, Dutescu et al. 40 reported a strong cytoplasmic expression of APP and possibly Ab in the lens and corneal epithelia of transgenic mice while labeling in wild-type control tissues was insignificant.
As previously stated, band c-secretases have a significant role in cleavage of APP and releasing Ab peptides. Neprilysin, an Ab-degrading enzyme, also is involved in the cerebral Ab control and downregulation of its activity can contribute to Ab accumulation. 6, 7 Using immunoblots and immunohistochemistry, Li et al. 41 demonstrated expression of band c-secretases together with neprilysin in mammalian lenses, denoting the role of these enzymes in the lens Ab turnover and providing additional evidence that mechanisms of Alzheimer's pathology can be present in the lens.
While it seems that Ab peptides accumulate during normal aging in the crystalline lens and there may be an accelerated Ab aggregation and accumulation associated with AD, some inconsistency exists in the literature as well. In a study of postmortem specimens of the eyes and brain from individuals with and controls without AD, using Ab immunoreactivity and birefringent Congo red staining, Goldstein et al. 25 reported identification of Ab peptides in the human lens at a concentration comparable with those in the aged human cerebral cortex. They noted AD-linked supranuclear opacification accompanied with Ab aggregates and colocalizing lenticular pathology in specimens from subjects with AD, but not in those with other anomalies nor in normal controls. Since AD and Down syndrome exhibit similarities in terms of neuropathology and neurocognitive consequences, interestingly a subsequent investigation 42 revealed the presence of pathologic alterations in the lenses of individuals with Down syndrome identical to what was described previously in people with AD.
While the findings of two reports by Goldstein et al. 25 and Moncaster et al. 42 referred to Ab accumulation in supranuclear (cortical) cataracts of subjects with AD and Down syndrome, their findings were faced with conflicting conclusions from other research groups. [43] [44] [45] [46] In their first study, Michael et al. 43 examined 54 lenses (n ¼ 39, from 21 postmortem donors with AD and n ¼ 15, from age-matched controls) using Congo red, thioflavin, and Ab immunohistochemical (monoclonal Ab antibody, clone 6F/3D) staining. They found negative staining in all AD and control lenses. Interestingly, the majority of donors (12 of 17) showed no cortical cataracts or had minor extension of opacities, ruling out supranuclear cataracts as the typical form of lens opacification observed in AD claimed by Goldstein et al. 25 In their second work, using confocal Raman microspectroscopy and imaging, they studied the protein profiles in the brain plaques and tangles as well as ocular lenses from seven neuropathologically confirmed AD donors. Consistent with their former study, the majority of the donors had minor or no cortical opacities. Additionally, while the staining procedures were positive for Ab and tau in the brain, they turned out to be fully negative for the crystalline lens regardless of the presence or absence of opacities. 44 They concluded that cortical cataracts do not constitute the main type of cataracts found in AD and are very unlikely to be linked with AD. Furthermore, they stated that the crystalline lens opacifications in AD do not hold substantial amounts of Ab as determined by Goldstein et al. 25 A lack of Ab in the human lens also has been described subsequently by other researchers. In their postmortem examination using immunostains for Ab (mouse monoclonal antibody, clone 6F/3D), phospho-tau, and Congo red stains, although Ho et al. 45 found very weak nonspecific Ab staining in some cases, they did not detect any amyloid deposits or abnormal tau accumulations in the lenses from 11 cases of AD, six controls, and four cases of Down syndrome. They concluded that AD-related aggregates do not deposit in the eye similar to brain deposits, or are present at lower levels or in different forms. In a very recent examination of the eyes of 19 human postmortem cases (17 with AD and two age-matched controls), Williams et al. 46 performed hematoxylin and eosin staining as well as Ab immunohistochemistry (clone 6F/3D) and found no evidence of Ab deposits or accumulation in any part of the eye including the lens, concluding that that there may be no concurrent or similar AD alterations in the brain and lens. The different methodologic approaches used in these studies including AD diagnostic criteria, using cross-sections rather than the whole mount tissue and the applied staining protocols, make comparison of outcomes of these studies difficult, but they may account, at least in part, for the reported discrepancies.
Despite these conflicting reports [43] [44] [45] [46] that questioned the advocated notion of the crystalline lens to serve as an indicator or predictor of AD pathologic changes, the positive and promising outcomes of other studies encouraged investigators to develop noninvasive methods to explore in vivo AD signatures in the human crystalline lens. Kerbage et al. 47 first used an in vivo technique of laser scanning along with a fluorescent ligand to examine the presence of AD signatures in the human lens. They examined 10 participants (five with AD and five controls) and detected an exogenous fluorescent signature bound to Ab in the lens of the study sample, which was able to differentiate individuals with AD from the control group. They determined that Ab specific frequency counts in the AD group were more than 2-fold higher than those of the control group. In their subsequent, relatively larger study using the fluorescent ligand eye scanning (FLES) technique in the crystalline lens, 24 the same research team reported capability of the technique to discriminate a group of people with probable AD (n ¼ 20) from healthy controls (n ¼ 20). In their examiner-masked, age-matched case control cohort, a sensitivity and specificity of 85% and 95%, respectively, was obtained for diagnosis of AD. They also reported that Ab brain imaging using PET correlated significantly with the results obtained in the eye (r 2 ¼ 0.33, P < 0.001). However, this should be interpreted with caution as they excluded the data pertaining to cases where qualitative PET or FLES made an incorrect prediction. Overall, they concluded that their FLES technique has the potential to be used for AD detection and classification of its severity. Despite discrepancies among the published results concerning Ab signatures and AD-related changes in the lens, this field of research requires more exploration, in particular, eliminating those factors that limit comparisons of the outcomes of different studies. An important inherent limitation of the crystalline lens as a site for exploring AD-specific changes is in individuals who have been/are affected by mature cataracts and had their cataract removed or are in the process of undergoing cataract surgery.
THE CORNEA AND AQUEOUS HUMOR
While the majority of the research of the anterior eye and AD has focused on the crystalline lens, little is known about the potential presence of AD pathologic mechanisms in the cornea and aqueous humor. The cornea is a transparent and avascular connective tissue located anteriorly to the iris and, in combination with the precorneal tear film, has an important role via providing a proper anterior refractive surface and protects the eye against infection and structural damage to the deeper components of the eye. 48, 49 Histologically, the human cornea consists of five basic layers, three cellular layers (epithelium, stroma, and endothelium) and two acellular interfaces (Bowman and Descemet membranes; Fig. 1 ). The human cornea is the most densely innervated surface tissue of the body with approximately 606 terminals/mm 2 in the suprabasal layers of the central corneal epithelium. 50 The highly populated sensory endings are provided by the fine branches emanating from the corneal subbasal nerve plexus (SNP), a rich nerve network running parallel to the corneal surface, which is located between Bowman's layer and the basal epithelial cell layer 51 (Figs. 1, 2A) .
Aqueous humor, a clear plasma-derived ultrafiltrate, is produced by the pigmented and nonpigmented epithelium of the ciliary body. 26, 52 After passing through the pupil, the aqueous enters the anterior chamber and is mainly drained away via the drainage structures located at the anterior chamber angle. In addition to the fundamental contribution of the aqueous humor in maintenance of the IOP and provision of the proper shape and optical properties of the eye, it has a pivotal role in nourishing the cornea and lens as well as eliminating of their waste products. 52 Pathologic accumulation of amyloid proteins, such as keratoepithelin (AKer), may deposit in the corneal tissue causing the corneal lattice dystrophies, which exhibit the characteristics of staining with Congo red and green birefringence with a polarizing filter 53-55 similar to neuropathologic staining observed in AD. Studies investigating mechanisms of AD pathology, including the presence of Ab, APP, as well as ADrelated changes in the cornea and aqueous humor, are scarce in scope and mainly have been reported as a part of the other published results. Besides the previously discussed lens findings, Frederikse et al. 31 revealed that AD-associated presenilins also are expressed and proteolytically processed in the corneal epithelium of mammalians, similar to presenilin processing in neurons. In their in situ hybridization analysis, Frederikse et al. 31 detected expression of presenilin mRNA in the epithelial layers of the mouse cornea. They also detected the presence of presenilin in monkey cornea by analyzing the corneal proteins on Western blots. Later, in their analysis of purified total RNA from ocular tissues, Frederikse et al. 39 described that human and transgenic mouse corneas predominantly express APP transcripts that are longer and potentially more deleterious compared to the major shorter APP amino acid encoding transcript expressed in the brain and retina. In comparison with the cornea, they found a greater sensitivity of the lens to AD pathology in hAPP transgenic mice. The presence of longer APP transcripts in the cornea of mammalians also has been reported in the normal adult bovine eyes. 30 Anterior ocular fluid and CSF share a number of features in common, such as the similarity between blood-aqueous and blood-CSF barriers. 56 To our knowledge, no study to date has analyzed the aqueous humor in AD individuals. Ab 42 and Ab 40 are two major isoforms of Ab peptides, with the former having two extra residues at the C-terminus. While the amyloid aggregations in AD brains mainly consist of Ab 42 , the interaction between these two isoforms may have a critical role in AD. 57 Recent evidence also suggests that the CSF Ab 42 / Ab 40 ratio is superior to CSF Ab 42 to detect brain Ab deposition in early stages of AD and to differentiate AD from non-AD dementias. 58 Using anti-Ab mass spectrometry analysis of aqueous humor samples of three AD-free individuals undergoing cataract extraction, Goldstein et al. 25 identified Ab1-40 in human aqueous humor which was comparable with those in aged human CSF. In a biochemical analysis, while Prakasam et al. 30 did not detect APP in the aqueous humor of bovine eyes using Western blots, they described detection of significant amounts of Ab 40 and Ab 42 in the aqueous humor of the bovine and transgenic mice by ELISA analysis. They also suggested that secreted APP derivatives and Ab may be produced in the retina, secreted into the vitreous humor and transported into the aqueous humor.
Ab peptide and AD-related protein levels have been reported to be present in aqueous humor of patients with pseudoexfoliation syndrome (PEX) and glaucoma; hence, lent themselves to being linked with AD etiologies. 59, 60 Janciauskiene et al. 61 analyzed a large sample (n ¼ 266) of aqueous humor specimens obtained during cataract surgery in patients with cataracts only or in combination with ocular disorders, including glaucoma, pseudoexfoliation syndrome, macular degeneration, and diabetic retinopathy. Using the human (6E10) multiplex ELISA technology, they demonstrated measurable levels of the Ab peptides (Ab 38 , Ab 40 , and Ab 42 ) in at least 40% of all samples apart from the diabetic retinopathy group for which Ab 38 was identified in only 31% of cases. However, in this study, when other groups were compared to a cataract-only population, no significant difference was found between groups in terms of the level of Ab peptides. By assessing concentrations of Ab 40 and Ab 42 in plasma and aqueous humor using ELISA as well as conducting Mini Mental State Examination (MMSE) and Clock Drawing Tests, Lesiewska et al. 62 also were unable to reveal any differences between PEX patients and controls undergoing cataract surgery for these measures, ruling out the potential link between PEX and AD amyloid peptides or cognitive functions.
Considering these studies indicating the presence of Ab peptides in aqueous humor, it would be informative to examine APP and Ab proteins in aqueous humor of individuals with AD, which may reveal higher levels of Ab 42 , the main type found in neocortical deposits. It must be noted that obtaining aqueous humor samples is an invasive procedure and even if the outcomes are promising, this would not become a viable procedure for AD screening. However, this would provide valuable insights regarding the interpretation of similar mechanisms of AD pathology in anterior avascular tissues; that is, the lens and cornea.
POTENTIAL AREAS FOR FUTURE EXPLORATION

Morphology of the Corneal SNP and Nerve Migration
The corneal SNP may serve as a site to investigate the potential direct and indirect neurotoxic effects of AD. The advent of corneal confocal microscopy (CCM) has remarkably improved our understanding of the corneal cellular and neural microstructure in the living state, in particular, the SNP. The technique of CCM offers researchers and clinicians the opportunity to directly and noninvasively examine the ocular surface at cellular level comparable to in vitro histochemical techniques. Besides its clinical application to investigate numerous eye diseases, over the past decade CCM has been used to assess the SNP micromorphology in a variety of systemic conditions and neurodegenerative diseases.
Diabetic and chemotherapy-induced neuropathies are two examples of peripheral neurodegenerative conditions in which CCM has been used. Morphologic examination of the small nerve fibers of the cornea using in vivo CCM has received considerable attention as an objective and reproducible imaging marker for diabetes-associated peripheral neuropathy. 63 CCM has demonstrated considerable utility in neuropathy detection, 64, 65 early diagnosis, 66 stratification of severity, 67 and assessment of therapeutic efficacy. 68 Interestingly, by using this technique longitudinally, CCM had the capability for predicting future incident diabetic neuropathy 69 and tracking progressive corneal axonal degeneration in patients with neuropathy. 70 By demonstrating the corneal nerve alterations, CCM also has been able to reveal chemotherapy-induced peripheral neuropathy. 71, 72 Microstructural assessment of the SNP also has shown promise for some central nervous system (CNS) diseases. Parkinson's disease (PD) and multiple sclerosis (MS) are two main CNS neurodegenerative diseases in which CCM recently has been applied to investigate the corneal neural network. Using CCM, Anjos et al. 73 showed decreased corneal sensation and corneal nerve fiber changes in patients with PD. Later, Kass-lliyya et al. 74 reported corneal nerve fiber pathology in patients with PD, which correlated with autonomic symptoms, parasympathetic deficits and motor scores. A more recent study also revealed even preclinical small nerve neuropathy in newly diagnosed PD patients. 75 Significant reduction in total corneal nerve fiber density, which was associated with clinical severity 76 and reduced corneal nerve measures and increased dendritic cell density in patients with multiple sclerosis, 77 has been described in recent CCM studies.
The accessibility of the cornea and ease of imaging of its microstructure using CCM in addition to the evolving evidence suggesting a corneal nerve network might reflect the peripheral and central neurodegeneration, present an opportunity to investigate the contribution of potential SNP pathology to AD. AD is a multifaceted neurodegenerative condition and the rational for this hypothesis is lent support primarily by the trophic role of nerve growth factor (NGF) in the sensory system and CNS, 78 as well as the potential role that acetylcholine (ACh) has in AD and the corneal epithelium. NGF is an essential neurotrophic factor for the development, survival and integrity of nerve cells in the CNS and cornea. 78 In AD, there is a NGF-dependent atrophy of basal forebrain cholinergic neurons. 79 As the most densely innervated and sensitive surface tissue of the body, 50 the NGF receptor also presents in the corneal tissue and has a pivotal contribution to corneal physiopathology, 80, 81 including corneal nerve regeneration. 82 Moreover, in AD the key neurotransmitter deficit is ACh. The corneal epithelium also contains one of the highest concentrations of Ach in the body and has a significant contribution to the corneal epithelial maintenance and development. 51 Therefore, it is conceivable that corneal small nerve and epithelial alterations may occur parallel to AD neurologic changes (atrophy, cholinergic depletion), such that corneal structural parameters could be used for AD screening or monitoring.
SNP morphology can be investigated by capturing multiple images from this rich nerve network using CCM ( Fig. 2A) . Several morphometric parameters can be quantified using different segmentation tools. Another venue of exploration is examining the corneal nerve migration. In this newly developed approach, 83 wide-field montages (Fig. 2B ) from the SNP are generated at baseline and after a certain period of time. Two corneal maps then are examined and a reference landmark as well as various nerve landmarks are identified and subsequently nerve movement is estimated. This technique could be of value in the assessment of the relationship between AD and the sensory nerve regeneration for instance in trials evaluating new therapies.
AD-Specific Alterations in the Conjunctival Tissue
As a translucent and highly vascular membrane extending from the eyelid margin to the limbus, conjunctiva has an important role in the ocular surface protection and provides mucus for the tear film. In vivo investigation of conjunctival morphology at the cellular level, including blood vessels containing cellular elements, is now possible at high magnification using CCM. 84 Conjunctival microcirculation has the advantage of anatomical proximity to the brain circulation and, more importantly, both share a common root, which is the internal carotid artery. These features may indicate an inherent vulnerability of the conjunctiva to AD pathology. Ab plaques also have been identified in tissues other than the brain, including the kidneys and lungs of patients with AD. 85 Therefore, investigation of the conjunctival vascular and perivascular spaces may provide an opportunity for detection of AD-specific alterations or extracerebral AD-associated amyloid pathology. However, the currently available technologies of in vivo anterior segment imaging, such as CCM, require further modification to be able to detect Ab burden in the conjunctival tissue using staining or fluorescent techniques and they need better characterization of the blood vessels, their walls, and the cellular contents. CONCLUSION AD, the most common cause of dementia in the elderly, is an emerging global public health and economic challenge and requires more attention. While the details of AD pathogenesis remain a topic of debate, it is widely believed that accumulation of misfolded Ab peptides is the primary event for AD neuronal deficits.
The current research on potential ocular markers of AD is concentrated mainly on the pathologic changes and Ab signatures in the retina, while the anterior eye is more accessible for imaging and examination than the retina. In efforts to advance our knowledge about eye markers of AD, focusing on the anterior part of the eye would be a valuable area of research.
Although incongruous conclusions have been reported in the literature regarding the presence of changes in the lens reflecting Alzheimer's brain pathologic changes, in particular through histochemical studies, and the role of the lens is limited in pseudophakic and aphakic patients, the crystalline lens still harbors the promise of identifying abnormal protein aggregations characteristic of AD, but it is still in early stages and further validation is needed. Future histopathology studies require more robust methodologic approaches to make the outcomes comparable. In vivo studies identifying Ab signatures in the crystalline lens must encompass a wider spectrum of individuals with cognitive decline (e.g., mild cognitive impairment) to address the potential early involvement as well. A longitudinal study also would offer an appreciation of a robust correlation with established methods of Ab brain imaging and CSF biomarkers.
The cornea and aqueous humor have not been fully dissected in relation to AD; hence, comprehensive studies are needed to conclusively examine these tissues in this disorder. Since AD is a neurodegenerative condition, it is also worth exploring the potential direct or indirect neurotoxic activity of this condition on the corneal nerve structure and its regeneration capacity, which would be feasible using the currently available powerful in vivo CCM technique. Detailed knowledge of the conjunctival vascular and perivascular tissues in AD also may lead to a better understanding of potential alterations associated with this disorder and would broaden the spectrum of the anterior eye opportunities to investigate potential changes associated with AD. However, this needs precise tissue characterization and additional technical improvement of the currently available in vivo techniques.
